The presence of a copper-containing dissimilatory nitrite reductase gene (nirK) was discovered in several isolates of ␤-subdivision ammonia-oxidizing bacteria using PCR and DNA sequencing. PCR primers Cunir3 and Cunir4 were designed based on published nirK sequences from denitrifying bacteria and used to amplify a 540-bp fragment of the nirK gene from Nitrosomonas marina and five additional isolates of ammonia-oxidizing bacteria. Amplification products of the expected size were cloned and sequenced. Alignment of the nucleic acid and deduced amino acid (AA) sequences shows significant similarity (62 to 75% DNA, 58 to 76% AA) between nitrite reductases present in these nitrifiers and the copper-containing nitrite reductase found in classic heterotrophic denitrifiers. While the presence of a nitrite reductase in Nitrosomonas europaea is known from early biochemical work, preliminary sequence data from its genome indicate a rather low similarity to the denitrifier nirKs. Phylogenetic analysis of the partial nitrifier nirK sequences indicates that the topology of the nirK tree corresponds to the 16S rRNA and amoA trees. While the role of nitrite reduction in the metabolism of nitrifying bacteria is still uncertain, these data show that the nirK gene is present in closely related nitrifying isolates from many oceanographic regions and suggest that nirK sequences retrieved from the environment may include sequences from ammonia-oxidizing bacteria.
the two forms of nitrite reductase perform the same physiological function in denitrifying bacteria.
The process of nitrifier denitrification, the reduction of NO 2 Ϫ to gaseous products (NO and N 2 O) by ammonia-oxidizing bacteria, was indicated by early biochemical work. A soluble nitrite reductase from N. europaea, the most familiar terrestrial nitrifier, was first described by Hooper (19) . This enzyme produced a mixture of NO and N 2 O from NO 2 Ϫ and hydroxylamine (NH 2 OH). However, the mechanism of NO and N 2 O formation under normal physiological conditions, whether through the decomposition of an unstable intermediate in the oxidation of NH 2 OH to NO 2 Ϫ or purely from NO 2 Ϫ reduction, was unclear until the use of 15 N tracers demonstrated that N 2 O was derived primarily from NO 2 Ϫ (33, 35). The partially purified nitrite reductase from N. europaea was further shown to be a copper-containing enzyme with biochemical similarities (spectroscopic characteristics, inhibition profile, and reaction products) to the copper-containing nitrite reductases from classical heterotrophic denitrifiers (29, 36) . In addition, expression of the N. europaea nitrite reductase is enhanced by low O 2 levels (29) , which is similar to some denitrifying nitrite reductases (21) and is consistent with the demonstration of higher N 2 O and NO yields at lower oxygen levels by cultures of various ammonia-oxidizing bacteria (14, 25) . Taken together, these observations suggest that N. europaea shares a nitrite-reducing mechanism with classical denitrifiers (36) . The goals of this research are to understand, at a genetic level, the pathway of N 2 O production in ammonia-oxidizing bacteria and to determine whether it is related to the typical denitrification pathway.
In the present study, the gene for nitrite reductase (nirK) was discovered in several ammonia-oxidizing bacteria, and the partial sequences obtained were compared to nirKs from denitrifying bacteria. In addition, the phylogeny of nitrite reductase in ammonia-oxidizing bacteria was compared to their phylogenies based on 16S rRNA and ammonia monooxygenase (amoA) genes.
MATERIALS AND METHODS
Bacterial strains and culturing. Nitrosococcus oceani strain 27 and marine ammonia-oxidizing isolates URW (North Pacific), NO3W (North Pacific), C-45 (Gulf of Maine), C-113a (Red Sea), and TA-921i-NH4 (Chesapeake Bay), characterized by Ward and Carlucci (40) , were maintained in the seawater medium of Watson (46) . Nitrosomonas marina (B. B. Ward culture collection, obtained from S. Watson, 1977) was maintained in similar medium made up in 50% seawater. N. europaea (Schmidt strain, ATCC 19718), Nitrosomonas eutropha (Schmidt strain), and Nitrosospira briensis C-128 were maintained in freshwater medium (38) . Working cultures were maintained in semicontinuous batch culture by periodically replacing half of the culture with fresh medium (44) . Nitrifier cultures were grown at room temperature (18°C) in the dark with no agitation. Pseudomonas aureofaciens ATCC 13985 and Alcaligenes faecalis ATCC 8750 were grown in Luria-Bertani (LB) medium with agitation at room temperature, and Alcaligenes xylosoxidans ATCC 15173 was grown in Difco nutrient broth at 26°C.
DNA extraction. Cells were harvested by filtration and then washed and resuspended in Tris-EDTA buffer. Standard procedures for DNA extraction were followed (2) . DNA was tested for PCR inhibition by amplification with universal eubacterial 16S ribosomal DNA (rDNA) primers (24) .
nirK PCR amplification. PCR primers were designed based on conserved regions of the nirK gene, encoding the copper-containing nitrite reductase (Cu- Sequencing nirK products. Cunir3-4 amplification products of the expected size were extracted from a 1% agarose gel using the Qiaquick gel extraction kit (Qiagen) and cloned using the Topo-TA cloning kit (Invitrogen). Transformants were selected on LB plates with kanamycin (50 g/ml), spread with 40 l of isopropylthiogalactopyranoside (IPTG; 100 mM) and 40 l of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (20 mg/ml in dimethylformamide). White transformant colonies were screened by PCR for inserts of the correct size. Colonies were picked directly into tubes containing 49.5 l of PCR mix with 50 mM KCl, 10 mM Tris base (pH 8.0), 2.5 mM MgCl 2 , 200 M each dNTP, and 3.2 pmol each of T7 and M13 (reverse) primers. The PCR cycling protocol recommended by the manufacturer (Invitrogen) was used for T7-M13 amplification. T7-M13 PCR products were used as templates for cycle sequencing of both strands using T7 and M13 (reverse) primers and the BigDye terminator kit (Perkin-Elmer). Cycle-sequencing products were precipitated according to the manufacturer's instructions and sequenced on the ABI310 genetic analyzer (Perkin-Elmer).
Ammonia monooxygenase PCR amplification and sequencing. Fragments of the amoA gene were PCR amplified from genomic DNA using the Amo189 and Amo682 primers (18) . PCR products from amoA amplifications were cloned and sequenced as described above for nirK PCR products.
Sequence analysis. T7 and M13 (reverse) sequences from 7 to 10 clones were assembled using AutoAssembler version 1.4.0 (Perkin-Elmer) into a single consensus sequence for each cloning experiment. Sequence Navigator version 1.0.1 (Perkin-Elmer) was used to align homologous regions of 16S rRNA and amoA gene or nirK deduced amino acid sequences from different organisms. These aligned sequences were analyzed by distance matrix methods using DNADIST and PROTDIST programs, respectively, in the phylogenetic inference package PHYLIP 3.572 (13) . Distances were calculated using the Kimura two-parameter model for nucleic acid sequences (22) and the Dayhoff PAM 100 matrix for amino acid sequences (12) . The input files were each bootstrapped 100 times using the SEQBOOT program of PHYLIP prior to distance matrix analyses. Neighbor-joining trees were produced for each pseudoreplicate analysis. The CONSENSE program was used to compute the majority-rule consensus tree for each set of molecular sequences, and trees were drawn using the DRAWGRAM program from PHYLIP.
Nucleotide sequence accession numbers. The partial amoA and nirK sequences from N. marina, NO3W, URW, C-45, C-113a, and TA-921i-NH4 have been deposited in the GenBank database under accession numbers AF339038 to AF339043 (amoA) and AF339044 to AF339049 (nirK), respectively. The 16S rRNA gene sequences for NO3W (AF338206), URW (AF338210), C-45 (AF338203), C-113a (AF338200), and TA-921i-NH4 (AF338207) were obtained from M. Voytek.
RESULTS
Primer development. The locations of the target sequences for primers Cunir3 and Cunir4 are compared with those of other primers targeting the nirK gene in Fig. 1 . Primers Cunir3 and Cunir4 amplify a larger region than do primers F1aCu and R3Cu (15) , similar to primers nirK1F and nirK5R (5) . However, Cunir3 and Cunir4 potentially amplify a greater diversity of nirK genes than do primers nirK1F and nirK5R due to the occurrence of three nucleotides within the nirK1F target region of certain sequences which are unaccounted for in that primer sequence (Fig. 1) .
Conditions for amplifying nirK using primers Cunir3 and Cunir4 were optimized with genomic DNA extracted from the denitrifying bacteria Pseudomonas aureofaciens, Alcaligenes faecalis, and Alcaligenes xylosoxidans, each known to possess the nirK gene (5, 30, 39, 50) . PCR optimization of the individual strains yielded different optimal conditions for the three denitrifying strains. Using a touchdown PCR protocol, it was subsequently possible to amplify the correct product from all three under uniform conditions. Although the use of a touchdown protocol resulted in the amplification of nontarget sequences in some cases (Fig. 2) , the eventual goal was to detect nirK sequences in ammonia oxidizers which were potentially more divergent. Products of the expected size from Cunir3-4 amplification of P. aureofaciens, A. faecalis, and A. xylosoxidans were cloned and sequenced, verifying that they are sections of the nirK gene by comparison to published sequences.
Nitrifier Cunir3-4 amplification and sequencing. Cunir3-4 amplification of genomic DNA from N. marina, N. europaea, N. eutropha, N. oceani, and N. briensis reproducibly yielded multiple products when visualized on 1% agarose gels (Fig. 2) . Products of the expected size (approximately 540 bp) were excised from the gel, cloned, and sequenced for each organism. From this first round of screening, nirK was located in N. marina but not in N. europaea, N. eutropha, N. briensis, or N. oceani. The Cunir3-4 products sequenced from these latter organisms were all smaller than 540 bp and proved to be nonspecific amplification products. Because N. europaea was expected to have this gene and the Cunir3-4 fragment could potentially vary in length, additional Cunir3-4 products were sequenced from N. europaea and N. eutropha. Still, nirK products were not obtained from these organisms.
In the next phase, the Cunir3-4 fragment of the nirK gene was successfully amplified from ammonia-oxidizing isolates most similar to N. marina (Fig. 2 ). Cunir3-4 PCR products of the expected size from isolates URW, NO3W, C-45, C-113a, and TA-921i-NH4 were cloned, and these products yielded nirK sequences for these five additional ammonia-oxidizing strains. The products from N. marina, NO3W, URW, C-45, and C-113a were each 540 bp, the same size as the Cunir3-4 region of B. japonicum and R. sphaeroides. The Cunir3-4 prod-uct from TA-921i-NH4 was 537 bp, similar to the same region from P. aureofaciens, A. xylosoxidans, A. faecalis, R. hedysari, and A. cycloclastes. Thus, the Cunir3-4 products that yielded positive matches to nirK were all very similar in length (537 to 540 bp). The nonspecific amplification products did not interfere with detection of the nirK target, but further optimization of the PCR conditions may eliminate nonspecific products.
Alignment of nitrite reductase sequences. The partial nirK sequences from ammonia-oxidizing bacteria were aligned with the published nirK sequences from denitrifying bacteria and the preliminary nirK sequence from N. europaea (http: //www.jgi.doe.gov/tempweb/JGI microbial/html/index.html) using ClustalW multiple sequence alignment (41) . Excluding N. europaea, the similarity between the nirK sequences of ammonia oxidizers and classical denitrifiers was 62 to 75% at the nucleic acid level. The sequence from this section of the putative N. europaea nirK is only 6 to 12% similar to other nirK sequences at the nucleic acid level.
The deduced amino acid sequences from the above nirK sequences were also aligned using ClustalW and subsequently used for phylogenetic analysis. The alignment of NirK deduced amino acid sequences is presented in Fig. 3 . The 3-bp difference in certain sequences mentioned earlier corresponds to a single amino acid codon (located between nucleotides 528 and 529 in the nirK gene of A. faecalis) that is lacking in some strains (Fig. 3) . Excluding N. europaea, the nitrifier NirK amino acid sequences are 58 to 99% similar to each other and 59 to 72% similar to denitrifier NirK sequences. The available denitrifier NirK sequences are 66 to 85% similar to each other over this region. In addition to the relatively high overall similarity among NirK sequences in the Cunir3-4 region, the regions of highest conservation occur in the vicinity of Cu-binding residues. Most notably, the identity and spacing of each copperbinding residue included in this fragment are strictly conserved across NirK sequences (Fig. 3) . In contrast, the N. europaea nirK sequence corresponds to a deduced amino acid sequence only 20 to 26% similar to other NirK sequences over the Cunir3-4 section. Although copper-binding residues are potentially conserved, large gaps are required to align the N. europaea NirK sequence with the others.
NirK phylogeny. Distance analysis of partial NirK amino acid sequences yields the tree shown in Fig. 4 . This analysis was performed using 144 amino acids, the region of overlap between the Cunir3-4 sequences and the nirK1F-nirK5R sequences (5), instead of the longer Cunir3-4 secion (179 amino acids) in order to include these eight additional sequences in the analysis. The NirK sequences cluster into two main groups. The first group, consisting of sequences from a subset of the ammonia-oxidizing bacteria (N. marina, C-113a, C-45, URW, and NO3W), is supported by 93% of bootstrap replicates. The second group, consisting of sequences from the classical heterotrophic denitrifiers plus TA-921i-NH4 (an ammonia-oxidizing isolate), is not well defined. However, the NirK sequence from TA-921i-NH4 rarely groups away from denitrifier sequences. The NirK sequence from N. europaea is very different from the other NirK sequences and always lies outside the two main clusters. Pan1, an anaerobically induced outer membrane protein from Neisseria gonorrhoeae (10) , was used as the outgroup (see Discussion). Several additional sequences are available for a shorter section of the nirK gene, which reduces the region of sequence analysis to 111 amino acids (6). These sequences were included in a separate analysis (results not shown) which supports the groupings represented in Fig. 4 , with the additional nirK sequences clustering among the established denitrifier groups and the N. marina group remaining isolated.
Distance matrix and neighbor-joining analysis of NirK deduced amino acid sequences for the ammonia oxidizers alone yields the tree presented in Fig. 5A . The only branch that is not highly supported is that separating NO3W from C-45 and URW. The NirK sequence for NO3W differs at a single position from C-45 and URW sequences, and thus an evolutionary relationship between these organisms cannot be resolved from this section of their NirK sequences. However, the separate grouping of C-113a and N. marina (bootstrap value 89%) from URW, NO3W, and C-45 (bootstrap value 98%) is robust, as is the separation of these five sequences from TA-921i-NH4 and N. europaea (bootstrap value 100%). amoA phylogeny. A phylogenetic tree based on distance analysis of 525-bp amoA nucleic acid sequences from N. marina, C-113a, C-45, URW, NO3W, and TA-921i-NH4, combined with an amoA sequence for N. europaea obtained from the GenBank database (AF058692), is shown in Fig. 5B . Clustering within the amoA tree is nearly identical to that seen in the NirK tree for the same organisms (Fig. 5A) . N. marina, C-113a, NO3W, URW, and C-45 sequences form a coherent cluster, with TA-921i-NH4 falling just outside that group and N. europaea further removed. Again, the grouping of URW and C-45 away from NO3W is not well supported by bootstrapping, although the grouping of URW, C-45, and NO3W is supported by 100% of bootstrap replicates. In this analysis, the placement of TA-921i-NH4 is also poorly constrained. Fifty-six percent of bootstrap replicates place TA-921i-NH4 outside the N. marina group, while 44% of bootstrap replicates place TA- 921i-NH4 within that group, on the branch leading to N. marina and C-113a.
DISCUSSION
Understanding the mechanisms of NO and N 2 O production by nitrifying bacteria and how these processes are regulated may provide new insight into the factors which control N 2 O production in the environment. Obtaining sequences from the nirK genes in N. marina and related ammonia oxidizers will enable the investigation of nitrite reductase expression in these environmentally relevant organisms. The similarity between the nirK sequences from ammonia oxidizers, from this study, and classical denitrifiers also raises interesting ecological and evolutionary questions regarding the history of nitrite reductase in nitrifying bacteria and bears on the interpretation of nirK sequences amplified directly from the environment. These questions may be best framed through phylogenetic comparisons.
The 16S rRNA gene phylogeny of the ammonia oxidizers included in this study is shown in Fig. 5C . The majority of ammonia-oxidizing nitrifiers form a phylogenetically coherent group in the beta proteobacteria, with the exception of N. oceani strains, which belong to the gamma proteobacteria (16, 40) . The original 16S rRNA sequences for isolates C-45, C-113a, URW, NO3W, and TA-921i-NH4 were obtained by Voytek (42) and are available in GenBank under accession numbers AF338200 to AF338214. A diverse set of nitrifiers (N.  europaea, N. eutropha, N. briensis, N. marina, and N. oceani) , each known to produce N 2 O (14; unpublished results), was initially screened for nirK by PCR. Because N. marina was the only nitrifier initially screened in which nirK was detected, the study was refined to focus on isolates closely related to N. marina, as indicated by their 16S rRNA sequences: NO3W, C-45, C-113a, URW, and TA-921i-NH4. Sections of the nirK and amoA genes were amplified and sequenced from these five additional nitrifying isolates, and the phylogenies based on these functional genes are discussed below.
amoA phylogeny. Ammonia monooxygenase is an enzyme that is unique to ammonia-oxidizing nitrifiers, and the amoA gene has been shown to provide fine-scale resolution of the phylogeny of ammonia-oxidizing bacteria (37) . The use of amoA nucleic acid sequences rather than amino acid sequences in phylogenetic analysis allows the distinction between closely related nitrifiers, for which few differences are apparent in AmoA amino acid sequences. The amino acid sequences deduced from the amoA genes in this study produce a phylogenetic tree with poor resolution within the N. marina group, which contains very closely related strains. Therefore, amoA gene sequences are used here. One potential complication with using the amoA gene sequences is that each organism may possess multiple copies of the amoA gene. The cloned amoA fragments amplified from a single organism could, therefore, be a mixture of different copies of amoA. For the ammoniaoxidizing bacteria for which this has been documented, the amoA genes within an organism are much more similar to each other than to copies from any other organism (23, 31) . If this holds for the nitrifying isolates in this study, the inclusion of multiple copies from each organism would not affect the branching order of the organisms on the amoA tree or the phylogenetic comparisons made here.
Distance analysis of a 525-bp fragment of the amoA gene for the ammonia oxidizers in this study (Fig. 5B) shows that the topology of the amoA tree corresponds closely to the 16S rRNA phylogeny (Fig. 5C ). This is expected because ammonia monooxygenase is essential to ammonia-oxidizing bacteria, and earlier studies of amoA gene phylogenies have shown similar results (18, 34, 37) . The amoA phylogeny provides an interesting comparison to the phylogeny for ammonia oxidizers based on nitrite reductase, discussed below.
NirK phylogeny. Several studies have targeted the nitrite reductase gene as a measure of the diversity of denitrifying bacteria because as a group, denitrifiers are widely dispersed in 16S rRNA phylogeny (5, 15, 26, 45) . This study expands the known sequence diversity of nirKs with the addition of nitrite reductases from ammonia-oxidizing bacteria. Five of the NirK sequences from ammonia oxidizers cluster separately from the denitrifier sequences, while the TA-921i-NH4 sequence falls within the main denitrifier cluster (Fig. 4) . It is likely that the amoA gene (525 bp) for ammonia monooxygenase; (C) 16S rRNA gene (ϳ1,100 bp) from nitrifying bacteria. Distances were calculated from amino acid sequences using Dayhoff PAM 100 matrix (12) and for nucleic acid sequences using the Kimura two-parameter model (22) . The 16S rRNA sequences for URW, NO3W, C-45, C-113a, and TA-921i-NH4 are from Voytek (42) . Sequences from this study are in bold type. Bootstrap values over 50% are shown. The scale bars indicate substitutions per site.
full diversity of Cu-NiRs, as implied from immunological data (11), has not yet been covered by sequencing efforts, and analysis of NirK sequences from additional cultured nitrifiers and denitrifiers may be required to further expand the NirK tree. However, the similarity of nirK sequences from the ammonia oxidizers in this study to denitrifier nirKs suggests that nirK sequences amplified directly from the environment may include a component from nitrifying bacteria. Distinguishing between nitrifier and denitrifier nitrite reductase genes based on sequence alone may prove to be difficult, and further study should establish whether there is a functional difference between nitrifier and denitrifier nitrite reductases.
Comparison of NirK phylogeny to 16S rRNA phylogeny for nitrifiers and denitrifiers yields an interesting contrast. Within the group of NirK sequences which includes the classical denitrifiers (Fig. 4) , the phylogenetic relationships do not reflect the 16S rRNA relationships. Organisms from the alpha, beta, and gamma subdivisions of the proteobacteria are interspersed throughout this group within well-supported clusters. For example, the grouping of P. aureofaciens (gamma) with A. xylosoxidans (beta) is supported by a bootstrap value of 100%. Overall, the phylogeny based on NirK sequences indicates an evolutionary history for nitrite reductase in denitrifiers that is distinct from their 16S rRNA phylogeny. This suggests that some classic heterotrophic denitrifiers have acquired nirK genes by lateral gene transfer and supports earlier accounts of such transfer of denitrifying genes (26, 32, 51) .
A similar question may be posed regarding the history of nitrite reductase in ammonia-oxidizing bacteria, that is, whether the ammonia-oxidizing bacteria have acquired or distributed nirK through lateral gene transfer. Nitrite reductase may contribute to the ability of ammonia-oxidizing bacteria to tolerate large amounts of nitrite or grow in low-O 2 environments and could be important to their success in the environment. Therefore, it would be interesting to understand when in the evolutionary history of ammonia-oxidizing bacteria the ability for nitrite reduction arose. Again, the 16S rRNA gene phylogeny provides the basis by which lateral gene transfer is assessed. The topology of the NirK tree (Fig. 5A) is indistinguishable from that of the 16S rRNA (Fig. 5C) and amoA (Fig. 5B) gene trees. The grouping of C-113a with N. marina and C-45 with NO3W and URW is well supported by bootstrapping in all cases. The separation of TA-921i-NH4 and N. europaea from these nitrifiers in the NirK tree is also consistent with their 16S rRNA and amoA relationships. Therefore, while this data set includes sequences from a limited representation of ammoniaoxidizing bacteria, the close correspondence between the NirK phylogeny and the 16S rRNA and amoA gene phylogenies do not support lateral gene transfer as the mechanism for the nirK distribution within this subset of nitrifying bacteria. Identification of nitrite reductases from more distantly related ammonia-oxidizing bacteria (Nitrosospira types) will be important for extending the implications from this work to a broader evolutionary context.
The choice of an outgroup for the phylogenetic analysis of NirK sequences was not obvious, because the evolutionary origin of this enzyme is unknown and very few proteins show significant sequence similarity to NirK. Aside from other NirK sequences, the closest match for any of the NirK sequences over the Cunir3-4 section is Pan1, an anaerobically induced outer membrane protein of Neisseria gonorrhoeae (10) . Pan1 (AniA) was recently shown to be associated with nitrite reductase activity in N. gonorrhoeae (27) . This protein aligns well with the NirK sequences, at 29 to 33% amino acid similarity over the CuNir3-4 region, and shares conserved regions around the Cu-binding regions in NirK. After Pan1, the next closest match to NirK is ␤-amylase, which aligns weakly with the NirK sequences and does not share any of the copperbinding sites. The gene for the heme-containing nitrite reductase (nirS) used as an outgroup by Hallin and Lindgren (15) also does not have significant sequence similarity to nirK despite its close functional similarity.
N. europaea nirK. The N. europaea nirK was not amplified with the primers described in this work and was obtained only from the preliminary whole-genome sequence (http://www.jgi .doe.gov/tempweb/JGI_microbial/html/index.html). The reason for the failure of Cunir3-4 amplification of N. europaea nirK became clear upon inspection of its sequence from the Joint Genome Institute (JGI): the primer sites are not conserved in N. europaea. As mentioned earlier, the putative N. europaea nirK sequence is quite different from any other known nirK sequence. It remains unresolved whether the nirK sequence annotated in the N. europaea genome encodes the protein previously studied. However, it is the best candidate for a gene encoding nitrite reductase identified in the N. europaea genome sequence, having the highest overall similarity to published nirK sequences and conserved residues which align to the copper-binding regions of denitrifier NirKs (Fig.  3) . More extensive genetic analysis will be required to prove that this putative nirK gene from N. europaea indeed encodes the nitrite reductase that has been studied biochemically (19, 29, 36) . N 2 O production by nitrifiers. Nitrite reductase is a central enzyme of the denitrification pathway in that it produces the first gaseous product, NO. This study presents the first genetic evidence for a nitrite reductase that is homologous to the nirK of classical denitrifiers in Nitrosomonas marina and closely related ammonia-oxidizing nitrifiers. These results parallel the finding of nirK in N. europaea by an independent sequencing effort (JGI) and support earlier studies which demonstrate the involvement of a copper-containing nitrite reductase in the production of NO and N 2 O by N. europaea (19, 28, 35) . While nirK homologs were not detected in N. oceani, N. briensis, or N. eutropha using the PCR primers developed in this study, further investigation may reveal nitrite reductases in these organisms which are more divergent from the classical denitrifier nirK, as was the case for N. europaea. Bruns et al. (7) demonstrated low-stringency hybridization of a nirK probe from Pseudomonas sp. strain G-179 to genomic DNA from Nitrosolobus sp. strain 24-C and Nitrosospira sp. strain NpAV, but not to N. europaea or certain other Nitrosospira strains. It is difficult to gauge these results quantitatively, although they suggest further variability in either the distribution of nirK in ammonia oxidizers or their sequence similarity to denitrifier nirKs.
Of course, the presence of this fragment of the nirK gene does not guarantee that it is functional. Direct evidence of nirK expression in nitrifying bacteria will be needed to prove that this gene encodes a functional protein; however, the following evidence suggests that this is the case. In addition to the earlier biochemical characterization of a functional nitrite reductase in N. europaea, the analysis of the amino acid sequence from the active site of NirK in several ammonia oxidizers, presented here, indicates that despite sequence divergence in areas outside the copper-binding regions, the copper-binding residues are highly conserved (Fig. 3 ). This suggests that there has been selective pressure for this enzyme to remain functional during the course of its evolution.
While N. marina and its close relatives have nitrite reductases similar to the copper-containing nitrite reductase of typical denitrifiers, it cannot immediately be assumed that they can grow under anaerobic conditions at the expense of NO 2 Ϫ , e.g., Rhizobium hedysari HCNT-1 (8, 9) . The requirement for ammonia monooxygenase for O 2 (17) likely precludes the chemolithotrophic growth of ammonia oxidizers under strictly anaerobic conditions.
Information on the mechanism and regulation of nitrite reduction by ammonia-oxidizing bacteria is needed in order to clarify the role of these bacteria in N 2 O production in the environment. The expression of nitrite reductase in classical denitrifying bacteria is regulated differently by levels of O 2 , NO 2 Ϫ , and NO 3 Ϫ . Several investigators have demonstrated that NO and N 2 O yields from ammonia-oxidizing bacteria are enhanced at low O 2 concentrations (14, 25, 49) , and the activity of nitrite reductase is also elevated at low O 2 concentrations (29). It will be important to demonstrate expression of nirK in N. marina and to explore the conditions under which nirK is expressed in ammonia-oxidizing bacteria in order to understand the molecular details of variations in their production of NO and N 2 O.
In this study, the nirK gene was identified in several ammonia-oxidizing bacteria. These sequences may be used to detect nirK expression in relation to N 2 O production by these strains under various environmental conditions. In addition, the Cunir3-4 PCR primers developed here may augment the currently available primers in the study of nirK in additional nitrifier and denitrifier cultures and in natural samples.
